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Abstract:      Groundwater recharge is critical for sustainable water resource planning and modelling fluid 
and contaminant transport within the subsurface. Unfortunately, direct groundwater measurements are often 
too short to investigate long-term trends for many regions in Australia. Over the past, a number of methods 
have been developed to estimate groundwater recharge over different temporal and spatial scales. Among the 
most widely used techniques for estimating recharge, the water table fluctuation (WTF) method has been 
applied in numerous studies. In this study, we use the WTF method to estimate annual groundwater recharge 
at 438 groundwater monitoring bores in South Australia and analyse long-term annual groundwater recharge 
trends using the nonparametric Mann-Kendall trend test. The results indicate that the spatially averaged 
annual groundwater recharge has declined significantly with a trend of -0.92 mm/year for the period 1970-
2012. Similar trend tests for the 237 groundwater monitoring bores with longer data records exhibit that 161 
bores have downward trends of which 103 bores are statistically significant, whereas 44 bores have upward 
trends and 15 of them are statistically significant. Moreover, a linear extrapolation of annual groundwater 
recharge trend suggests that the mean will reach the lowest recorded annual recharge in history (2006 
drought) by 2058 if the recent climatic trends continue over a longer period, indicating a potential threat to 
the hydrological and ecological regimes. Furthermore, the correlation analysis demonstrates that the 
dominating downward trends in annual groundwater recharge are affected by the large-scale hydroclimate 
variables (e.g. rainfall) in South Australia.  
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1.    INTRODUCTION 
Groundwater recharge is critical for sustainable water resource planning and modelling fluid and contaminant 
transport within the subsurface (Scanlon et al., 2003; Healy, 2010). Unfortunately, direct groundwater 
measurements are often too short to evaluate long-term temporal variations for many regions in Australia 
(Zhang et al., 2014). Over the past, a number of methods have been proposed and tested to estimate 
groundwater recharge over different temporal and spatial scales (Meinzer and Stearns, 1929; Anderson, 
1945; Wood, 1999; Healy and Cook, 2002; Crosbie et al., 2005). Among the most widely used techniques, 
the water table fluctuation (WTF) method has been applied in numerous studies to estimate gross 
groundwater recharge (Rasmussen and Andreasen, 1959; Gerhart, 1986; Hall and Risser, 1993; Crosbie et al., 
2005; Lee et al., 2005; Coes et al., 2007; Delin et al., 2007; Cartwright and Simmonds, 2008; Radford et al., 
2009; Cuthbert, 2010; Crosbie et al., 2015). Therefore, we used the WTF method to estimate annual 
groundwater recharge time series across the study domain and analyse long-term trends in annual records for 
the period 1970-2012. 
The main objective of this study is to evaluate long-term trends in the annual groundwater recharge estimates 
using the WTF method. In Section 2, we describe the study domain. In Section 3, we focus on the methods 
used for undertaking the analyses. Subsequently, we examine long-term trends in the annual groundwater 
recharge estimates using the nonparametric Mann-Kendall trend test. To identify possible causes of changing 
groundwater recharge, we also evaluate the annual rainfall trend and assess the relationship between annual 
groundwater recharge and annual rainfall across the study domain using the Pearson’s product moment 
correlation coefficient in Section 4. The findings are summarised in Section 5.  
2.    STUDY DOMAIN  
The study area is in South Australia, and lies within the Otway and Murray Basins (Figure 1). The area is the 
outline of the tertiary confined sands aquifer of the Dilwyn Formation and has a gentle relief with the highest 
elevation in the northeast with the land sloping away toward the south and west to the coast with some 
variation due to the dune/flat systems (Crosbie et al., 2015).  
 
Figure 1. Location map for 438 groundwater monitoring bores in South Australia. 
The climate is water-limited Mediterranean with annual rainfall greatest in the south and decreasing inland 
(Jones et al., 2009) and potential evapotranspiration greater than rainfall everywhere on an annual basis 
(Donohue et al., 2010). The region has wet winters when potential evapotranspiration is low and, thus, has 
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considerable recharge to the groundwater system, which is the only source of water in the region (Crosbie et 
al., 2015). Very little surface runoff is generated, any runoff being quickly infiltrated into the groundwater 
through thousands of karst features in the landscape, but a minor source of recharge regionally (Leaney and 
Herczeg, 1995). Additionally, the study region has a long history of field investigations for groundwater 
recharge and the majority of these recharge estimates are point-based estimates (Anderson, 1945; Allison and 
Hughes, 1978; Brown et al., 2006; Wohling, 2008; Wood, 2010; Crosbie et al., 2015). 
3.    METHODS 
The WTF method for estimating groundwater recharge was first proposed by Meinzer and Stearns (1929), 
which is based on the premise that the rise in the groundwater level in unconfined aquifers is due to recharge 
water reaching the water table. Among the most widely used techniques for estimating recharge, the WTF 
method has been applied in many previous studies (e.g. Rasmussen and Andreasen, 1959; Gerhart, 1986; 
Hall and Risser, 1993; Crosbie et al., 2005; Delin et al., 2007; Crosbie et al., 2015). By using the WTF 
method, the annual groundwater recharge time series were estimated for the period 1970 to 2012 at the 438 
boreholes in South Australia. The recharge estimates vary between 2 and 498 mm/year with an average of 86 
mm/year. 
To examine long-term trends in annual groundwater recharge, we used the nonparametric Mann-Kendall 
trend test (Mann, 1945) for trend significance, and the Sen method (Sen, 1968) to estimate trend slope. A 5% 
significance level (two-sided test) was specified. In addition, the Pearson’s product-moment correlation 
coefficient was used to assess the relationship between the WTF annual groundwater recharge estimates and 
annual rainfall. The correlation coefficient (r) is statistically significant at a level of p < 0.025 (two-sided 
test). The correlation analysis undertaken in this study provides the opportunity to identify possible causes of 
long-term trends in annual groundwater recharge across the study domain. 
4.    RESULTS 
The spatially averaged annual groundwater recharge with a 43-year record starting from 1970 to 2012 was 
calculated from the 438 groundwater monitoring bores across the study domain. The results from the 
nonparametric Mann-Kendall trend test show that the spatially averaged annual groundwater recharge has 
declined significantly (p < 0.005) with a trend slope of -0.92 mm/year2 over the study period (Figure 2). In 
this analysis, the trend in the spatially averaged annual groundwater recharge is not biased as it is a 
superposition in time and space and the sample size of groundwater recharge bores is large enough. 
 
Figure 2. The annual groundwater recharge spatially averaged from 438 bores in South Australia has a 
statistically significant downward trend (blue solid line) from 1970 to 2012. 
Due to the discontinuous monitoring records, some bores may not have a full length of groundwater recharge 
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annual groundwater recharge for each year. To get a better understanding for the temporal changes of annual 
groundwater recharge across the study domain, we also need to analyse the long-term recharge trends for 
those individual groundwater bores. Among the 438 bores in South Australia, we found that 237 bores had 
annual recharge data records longer than 20 years. The nonparametric Mann-Kendall trend test was applied 
to these bores with record length varying between 20 and 43 years, with an average length of 30 years.  
Figure 3 illustrates the annual groundwater recharge trends and their corresponding data periods for the 237 
bores in South Australia. Each line represents a period for which the trend slope is given by the colour of the 
line, while the exact period is given by the length of the line that starts and ends at the start and end of the 
period. The colour bar under the figure shows the trend magnitude and direction. The results indicate that 161 
bores have downward trends in annual groundwater recharge, of which 103 bores (64%) are statistically 
significant at 0.025 level of significance. In addition, there are 44 bores with upward trends and 15 (34%) out 
of the 44 bores are statistically significant at 0.025 significance level, whereas the trends are neutral at 32 
bores for the periods between 1970 and 2012. Overall, the downward trends (68% of the 237 bores) in annual 
groundwater recharge basically dominate the temporal changes across the study domain, which are consistent 
with our findings in the spatially averaged annual groundwater recharge over the study period.  
 
Figure 3. The nonparametric Mann-Kendall trends and their corresponding data periods for the 237 
groundwater bores with data records longer than 20 years in South Australia. 
As showed in Figure 2, the spatially averaged annual groundwater recharge exhibits a statistically significant 
decreasing trend over 43 years, resulting in a 38% groundwater recharge reduction from 107 mm/year in 
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groundwater recharge would attain 20 mm/year by 2058 (Figure 4), reaching the lowest record of annual 
groundwater recharge in history (2006 drought) and implying a potential threat to the hydrological and 
ecological regimes in the study area if the recent climatic trends continue over a longer period. This is more 
severe than the previous climate change projection, in which the dry projection was 42% reduction for 2050 
relative to 1990 (Crosbie et al., 2013). 
 
Figure 4. Time series of spatially averaged annual groundwater recharge (blue solid line) calculated from the 
438 bores in South Australia with the linear trend line from 1970 to 2012 (red solid line) and its linear 
extension for the period of 2013-2058 (orange dashed line). 
Similar to annual groundwater recharge, the spatially averaged annual rainfall was also calculated for the 438 
bores across the study domain. The nonparametric Mann-Kendall trend test shows that the 43-year annual 
rainfall has a decreasing trend of -1.23 mm/year at a non-significant level of p < 0.10 during 1970-2012. This 
decline in annual rainfall across the study domain is consistent with the temporal change in annual 
groundwater recharge. 
 
Figure 5. Scatterplot of spatially averaged annual groundwater recharge versus annual rainfall across the 
study domain in South Australia for the period 1970-2012. The sign of star means that the correlation has a 
significance level p < 0.005. 
Figure 5 shows the relationship between annual groundwater recharge and annual rainfall spatially averaged 
from the 438 bores in South Australia for the period 1970-2012. Obviously, annual groundwater recharge is 
highly correlated (r = 0.79) with annual rainfall, which is statistically significant at a level of p < 0.005 with a 
two-sided test. As described in Section 2, the climate in the study domain is water-limited Mediterranean 
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Also, the groundwater system is the only source of water, whereas the surface runoff is very little (Leaney 
and Herczeg, 1995). Therefore, the above correlation coefficient between annual groundwater recharge and 
annual rainfall indicates that the dominating downward trend in annual groundwater recharge is caused by 
annual rainfall in the study domain. 
5.    SUMMARY 
In this study, the WTF method was applied to estimate annual groundwater recharge at 438 groundwater 
monitoring bores in South Australia for the period 1970-2012. By using the nonparametric Mann-Kendall 
trend test, the spatially averaged annual groundwater recharge across the study domain exhibited a 
statistically significant downward trend with a trend slope of -0.92 mm/year during the period 1970-2012. 
Moreover, the 237 groundwater monitoring bores with annual groundwater recharge data records longer than 
20 years showed different long-term trends across the study domain, including 161 bores with downward 
trends (103 bores are statistically significant), 44 bores with upward trends (15 out of the 44 bores are 
statistically significant), and 32 bores without any trends. Further, a linear extrapolation of annual 
groundwater recharge trend suggested that it would reach the lowest recorded annual recharge by 2058 if the 
recent climatic trends continue over a longer period, indicating a potential threat to the hydrological and 
ecological regimes. 
The dominating downward trends in annual groundwater recharge and annual rainfall with their statistically 
significant correlation coefficient indicate that the temporal changes in annual groundwater recharge are 
affected by annual rainfall across the study domain. To further diagnose the causes of changing annual 
groundwater recharge, we need to investigate other large-scale hydroclimate factors, such as 
evapotranspiration and surface runoff, which may be responsible for the long-term trends in annual 
groundwater recharge. Therefore, the study will be extended to investigate the effects of large-scale 
hydroclimate factors (and also soil hydraulic properties, land cover changes and groundwater pumping) using 
the Landscape component (AWRA-L) of the Australian Water Resources Assessment model (Vaze et al., 
2013). In our preliminary investigation, the AWRA-L model has been shown to reproduce the long-term 
trend in annual groundwater recharge across the study domain, both in trend direction and statistical 
significance, which provides the opportunity to improve our understanding regarding the impact of long-term 
climate variability/change on groundwater recharge. 
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